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HERITABILITY OF EXPRESSION OF THE 70KD HEAT-SHOCK PROTEIN IN
DROSOPHILA MELANOGASTER AND ITS RELEVANCE TO THE EVOLUTION OF
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Abstract.-The principle inducible heat-shock protein of Drosophila melanogaster, Hsp70, contributes to thermotolerance throughout the entire life cycle of the species but may also reduce fitness in some life stages. In principle,
selection might maximize the benefits of Hsp70 expression relative to its costs by adjusting the magnitude of Hsp70
expression for each life-cycle stage independently. Therefore we examined whether the magnitude of Hsp70 expression
varied during the life cycle and the relationship of this variation to several life-history traits. For 28 isofemale lines
derived from a single natural population, estimates of heritable variation in Hsp70 expression ranged between 0.25
and 0.49, and the association among variation in first- and third-instar larvae and in adults correlated highly. Thus ,
Hsp70 expression is genetically coupled at these developmental stages. A line engineered with extra copies of the
hsp70 gene produced more Hsp70 and survived heat shock much better than did a contro l strain. Among natural lines ,
Hsp70 expression was only weakly related to tolerance of heat shock and to larva-to-adult survival and developmental
time at permissive temperatures . Additionally, lines with high adult survival developed slowly as larvae, which is a
possible trade-off. These and other findings suggest that trade-offs may maintain quantitative variation both in heatshock protein expression and in Life-history traits that associate with thermotolerance.

Key words.-Developmental time, genetics , high temperature, stress, trade-offs .
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Two phenotypic traits are genetically correlated or coupled
when variation in one or more genes affects both traits . Genetic correlations can be evolutionarily significant when
pleiotropic effects on coupled traits oppose the increase of a
beneficial trait or maintain a deleterious trait that selection
would otherwise eliminate (Atchley 1987; Barton 1990;
Houle 1991 ; Arnold 1994) . Such coupled traits might act at
different times during development (Christiansen 1990; Arnold 1992) or affect multiple aspects of morphology (Cowley
and Atchley 1988; Gu and Zera 1996) or energy allocation
(Clark 1990). For example, genetic coupling may constrain
the evolution of large adult size in insects even though size
and fecundity are highly correlated (Reeve and Robertson
1953 ; Partridge and Farquhar 1983). In this case, increasing
size requires lengthening the mortality-prone larval period,
which will more than outweigh the benefits of large adult
size for fitness (Zwaan et al. 1995 ; "Nunney 1996).
In studies of genetic coupling, as in the foregoing example,
the discrete genetic basis of the coupling is rarely understood
(Pigliucci 1996). An initial analysis of quantitative variation
of expression of the heat-shock protein Hsp70 in Drosophila
(Krebs and Feder l997a), however, suggested that we could
investigate genetic coupling with respect to a single gene
product. Accordingly, we have characterized variation in
Hsp70 expression and its consequences at various stages in
the Drosophila life cycle to elucidate the genetic and functional bases for coupling across the development of this holometabolous insect.
In Drosophila, at least 10 nearly identical genes encode
Hsp70 (1sh-Horowicz et al. 1979), a protein that contributes
to inducible thermotolerance at several developmental stages
2 Present address : Department of Biological, Geological and Environmental Sciences, Cleveland State University, 2399 Euclid Avenue, Cleveland, Ohio 44115 ; E-mail: rkrebs@biology.csuohio.edu.
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(Feder eta!. 1996). However, Hsp70 can inhibit growth, reduce thermotolerance , and be toxic at high concentrations
(Feder et al. 1992; Krebs and Feder l997b). Thus , these opposing effects may constitute an evolutionary trade-off. The
need for inducible thermotolerance likely varies among developmental stages, with larvae and pupae especially prone
to high temperatures because they occupy necrotic fruit,
while adults may minimize thermal stress through their welldeveloped capacity for microhabitat selection and locomotion
(Jones eta!. 1987; Feder eta!. 1997a,b). We asked, therefore ,
whether Hsp70 expression is modified in the various developmental stages according to its costs and benefits, or whether
its common genetic basis constrains variation among stages.
We explored this que tion with quantitative genetic techniques by examining isofemale lines founded from a single
natural population in two successive years; these lines can
vary naturally in Hsp70 expression and thermotolerance
(Krebs and Feder l997b). We also examined lines genetically
engineered to differ in hsp70 copy number, and thus in expression of Hsp70 (Welte et a!. 1993).
M ATER IALS AND METHODS

Natural Lines

We reared Drosophila from peaches collected in Garwood
Orchards, LaPorte, Indiana, 4l 0 36.4'N, 86°43.2'W in August
1996. Flies emerged from the fruit in a large population cage
at room temperature after more than four days in the laboratory. Therefore, most individuals were larvae when captured. Each day all emerging adults were aspirated from the
cage, anesthetized with C0 2 , and one male and one female
were placed as pairs in vials containing 12 mL of a yeast,
cornmeal, molasses, and agar medium. Pairs were transferred
to new vials after four days to increase population size of
isofemale lines rapidly . Male offspring were used for species
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identification (28 of 29 lines were D. melanogaster and one
line was D. simulans). Subsequent generations reared from a
minimum of four such vials. With rapid expansion of populations at low larval density , relatedness among individuals
within the same line is 3/4, and between lines the relatedness
is 1/2 for purely additive traits (Hoffmann and Parsons 1988).
Under this rearing regime, drift effects are small and relatedness changes slowly (Hoffmann and Parsons 1988). Although selection due to a novel laboratory environment will,
over time, affect fitness and correlated traits (Dobzhansky
and Spassky 1947; Ayala 1965; Service and Rose 1985), in
a noncompetitive environment effects of both adaptation and
inbreeding are minor compared to those when population size
is large (Latter and Mulley 1995).
Hsp70 expression was measured on first-generation offspring of wild-caught flies at two developmental stages: thirdinstar "wandering-phase" larvae (see below for one exception) and newly eclosed adults. At each stage, 12 full-sib
individuals from each line were sampled separately by placing each in a microfuge tube, which was placed in a water
bath for 1 h at 36°C, for 1 h at 25°C, and then in liquid N 2 .
Larvae were picked from the sides of cultures without anesthesia; adults were anesthetized briefly with C0 2 but recovered before the heat shock. First-instar larvae in the fourth
laboratory generation were sampled similarly. To produce
first-instar larvae for these measurements, adults of the previous generation were transferred to oviposition chambers
containing a removable 5-cm petri dish lid filled with medium. Eggs were laid and first-instar larvae were collected
from this surface, with 40-45 larvae transferred to each of
five tubes per line. All tubes contained 10 f-lL phosphatebuffered saline (PBS) to prevent desiccation. Hsp70 concentration in a lysate prepared from the contents of each tube
was determined by enzyme linked immunosorbent assay
(ELISA), which has been described elsewhere (Welte et a!.
1993; Feder eta!. 1996; Krebs and Feder 1997a). The ELISA
signal is proportional to Hsp70 concentration in the lysates
and is expressed as a percentage of a standard signal, that
for a lysate of Drosophila S2 cells in tissue culture that have
been exposed to 36.5°C for 1 h and 25 °C for 1 h before lysis.
Three traits related to fitness were measured for each line:
larval developmental time, survival from first-instar larva to
adult at 25°C, and thermotolerance of adults. To measure
these traits, 40 first-instar larvae were placed on 8 rnL medium in each of five vials per line, one vial per line each
day, and reared to adulthood at a constant 25°C. Flies emerging from these vials were cen used daily until no more
eclosed. Thermotolerance was assayed on a subset of the
eclosing adults, which controlled for larval density, a trait
that may affect thermotolerance (Loeschcke eta!. 1994).
To measure thermotolerance of adults, freshly eclosed flies
from each line were anesthetized and distributed to fresh food
vials, 10 males and 10 females to a vial. We collected flies
from each line on five consecutive days, preferentially using
those adults that emerged early. Excess flies were scored for
developmental rate, but discarded, ensuring that adults varied
in age by no more that 24 h. In a few cases, a shortfall
occurred. The affected line was omitted that day, and a replacement vial was prepared on a later day. Flies were heattreated one day after collection. Vials of flies were capped

with a moistened stopper above a cotton plug, inverted in a
rack with vials evenly spaced, immersed in a water bath for
1 h at 36°C, placed in a 25°C incubator for 1 h, and then
immersed in a water bath for 1 h at 39.5°C. Data were the
proportion that could walk 24 h after this treatment. Effect
of block variation in sampling days was considered for determining line means in adult heat-shock tolerance.

Hsp70 Copy- Variation Lines
Welte et a!. (1993) constructed two pairs of lines that differ
in the number of hsp70 gene copies; 12 gene copies were
added to create an "extra-copy" line. The procedure that
duplicates the initial insert in one chromatid simultaneously
deletes the insert in another, thereby creating an "excision"
strain that has only wild-type copy number but contains an
insert at the identical site of transgene integration. Initial
experiments used the line with an insert on chromosome ll,
and more extensive experiments followed on a second line
with an insert on chromosome III (Welte et a!. 1993).
Assay conditions for adult thermotolerance were similar
to those used for the natural lines. Adults from the excision
and extra-copy strains were reared in half-pint bottles. For
the chromosome II lines, males and females that emerged
within a 24 h period were separated by C0 2 anesthesia, placed
in groups of 15-20, and given one of three treatment regimes
3 h after collection: 1 h at 36°C, 1 h at 25°C, and 1 h at 39°C;
3 h or 24 h after collection: 1 h at 36°C, 1 h at 25°C, and 1
h at 39.5°C. For the chromosome Ill lines, adults were similarly collected and treated for 1 h at 36°C, 1 h at 25 °C and
1 h at 39°C across a range of ages . The youngest adults were
less than one day old and the oldest were four to five days old.

Statistics
Genetic variance components and intraclass correlations
were computed from a random effect ANOV A as recommended in Hoffmann and Parsons (1988); the additive genetic
variance component, S 2 A = (MS 1ine effec t - MSE)/(harmonic
mean sample size), and the intraclass correlation, t = S 2 A/
(S 2 A + MSE). The intraclass correlation estimates the proportion of the total variance that is due to genetic differences
between groups of individuals, and its significance was tested
from the line effect in the ANOV A. Measurement of Hsp70
variation in wandering-phase third-instar larvae and adults
was on single individuals that were full siblings. For these,
we estimated the broad-sense heritability (h\) for Hsp70 expression in these stages as twice the intraclass correlation.
This estimate is a maximum (Falconer 198 L). Hsp70 in firstinstar larvae was measured on groups of 40 from which t
(the intraclass correlation) also may be obtained, but this
group measurement may bias estimation of h 2b upward because it decreases within vial variance (Krebs and Loeschcke
1997). Estimates of h2 b for larva-to-adult survival at 25°C,
developmental time and adult thermotolerance may contain
similar biases. Pooling many first-instar larvae, however, was
necessary to obtain sufficient protein for ELISA, and group
measurement is required to obtain proportions in estimates
of survival. In all experiments, heat-shock replicates were
treated on different days in a water bath, but bath temperatures varied by no more than 0.1 °C. Variation among several
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TABLE 1. Means (::!: 1 SE) , intraclass correlations and estimates of the broad-sense heritability for Hsp70 level after heat shock (as a
percent of standard) of first-instar larvae, wandering-phase third-instar larvae, and adults and of larva-to-adult survival at constant 25°C ,
larval developmental time, and adult tolerance of heat shock.
Generation
at which
variable is
measured

Variable
Hsp70 in adults

males
females
Hsp70 in third-instar larvae
Hsp70 in first-instar larvae•
Larva-to-adult survival at
constant 25°C (%)•
Developmental time (days)•
Heat-shock tolerance of adults (%)b

BroadMean

lnt raclass

sense

correlatio n

heritability

1
4
4

46.3 ::!:
51.8::!:
30.2 ::!:
71.5 ::!:
78.2::!:

1.3
1.4
1.2
2.2
1.8

0.243***
0 .166*
0.347***

4
4

12.6 ::!: 0 . 1
63.8 ::!: 2.6

0.328***
0 . 135*

0 .124*

0 .25 ::!: 0 .14
0.49 ::!: 0 . 18

< 0.36 ::!: 0.18

< 0.84::!: 0.19
< 0.78 ::!: 0.19
0.018

• Estimated from groups thereby underrepresenting error variation.
b Group measurement effec t on vari ance factored assuming complete density-dependence of error variation (Kreb and Loesc hcke 1997).
* P < 0.05, *** P < 0.001 CANOVA).

ELISAs potentially contributed experimental variation that
was factored in blocks for genetic analyses. One ELISA
failed , and samples of these wandering-phase third-ins tar larvae were replaced by third-generation offspring. Results were
similar with or without these replacement larvae; reported
results contain these data .
Transformation was necessary for analysis of survival and
developmental time. Proportions were arcsine-square root transformed. Developmental time was determined as the mean of
males and of females per vial each calculated as log - 1 of the
log-transformed eclosion time per individual. Therefore the proportion or mean for each vial was the unit of replication.
To assess correlation coefficients among traits, tablewide
significance levels were adjusted by the sequential Bonferroni
procedure (Rice 1989) based on k = 9 correlations, a number
chosen because the correlation coefficients most important
to the hypotheses tested were: those among the three measurements of Hsp70 concentration at the various developmental stages; those among the three fitness related traits,
larva-to-adult survival at 25°C, larval developmental time,
and adult thermotolerance ; and those correlations between
the fitness variables and Hsp70 concentration, which are expected to be similar independent of the particular estimate
used for Hsp70.
R ESULTS

Natural Lines
(P

Developmental stages varied in the concentration of Hsp70
< 0.001) after beat shock (Table 1). On average, first-

instar larvae produced more Hsp70 per unit protein than did
young adults, and both first-instar larvae and adults produced
more than wandering-phase third-instar larvae. Adult females
produced more Hsp70 than males (P < 0.05).
Lines varied in Hsp70 expression and in the fitness-related
traits. lntraclass correlations (Table 1) indicated that Hsp70
variation in all three life-cycle stages, larval survival and
developmental time under the benign treatment condition
(25°C), and adult thermotolerance have important genetic
components . Estimates of the broad-sense heritability from
the intraclass correlations differed almost by a factor of two
between third-instar larvae and adults (0.49 to 0.25), but the
large standard errors typical of these analyses prevented
meaningful tests of significance between estimates. Broadsense heritabilities of the fitness traits as well as of Hsp70
expression of first-instar larvae originated from group measurements, and therefore are maxima. Because group effects
for threshold traits are almost directly proportional to group
size (Krebs and Loeschcke 1997), the estimate of heritability
for adult thermotolerance is low (h 2 b = 0.018), and it accounts for the reduction in interindividual variance due to
using many flies to obtain proportional data (harmonic mean
of 17.4 adults per replicate vial).
Hsp70 expression correlated positively among family
means for the three life-cycle stages (Table 2), and although
highest between first- and third-instar larvae, coefficients did
not differ statistically (P > 0 .05 for all three comparisons).
Lines differed more than twofold in larval Hsp70 concentration, with means ranging from 50% to > 100% of the

TABL E 2 . Correlation matrix among measurements on Hsp70 level after heat shock in 28 lines , and on the fitness related traits, larvato-adult survival at constant 25"C, larval developmental time , and adult tolerance of heat shock. The three fitness traits were measured
on the same individuals and therefore correlations among these traits are phenotypic .

Variables
Hsp70 in adults
Hs"p70 in third-instar larvae
Hsp70 in first- instar larvae
Larva-to-adult survival at constant 25°C
Developmental time

*P <

0.05 ,

**

P < 0.01 ,

***

Hsp70
third
ins tars

Hsp70
fir t
ins tars

0.47*

0 .52 *
0.66* **

Surviva l
at 25°C

Deve lop.
time

0 .18
0.41
0.20

0.16
- 0.06
0.12
- 0 .50*

P < 0.001 (tablewide signifi cance using the sequential Bonferroni procedure).

Heat
shock
ad ults
0.16
0 .13
0.03
- 0 .09
0.64**
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Adults differed relatively Jess, with lines ranging from 40%
to 60% of the standard. Because these correlations do not
adequately test for developmental variation in Hsp70 expression, all data on Hsp70 concentration were pooled and
tested in a single ANOVA to obtain tests for statistical interaction between the main effects, line (tested against MSE ;
F 27 .358 = 4.9, P < 0.001) and life-cycle stage (tested against
the line-by-stage interaction; F 2 .54 = 460, P < 0.00 1). Lines
varied similarly at all stages (F2 ,358 = 1.06, NS) , indicating
that selection for Hsp70 expression at one developmental
stage will alter Hsp70 expression throughout development.
Although the fitness mea urements were not correlated
with H p70 expression, larva-to-adult survival at 25oC correlated negatively with larval developmental time , and adult
thermotolerance correlated positively with developmental
time (Table 2). Thus , individuals from more rapidly developing lines survived better in the absence of heat shock but
more poorly in the face of thermal stress (Fig. 1).
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included 1 hat 36°C followed by 1 hat 25 °C after which individuals
were frozen for Hsp70 analysis or received heat shocks of 39°C or
39.5°C for 1 h. One-day-o ld flies were treated the same day of
collection (less than 4-28 h posteclosion) and two-day -old flies the
day after (28-52 h posteclosion).
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Hsp70 Copy- Variation Lines

After heat shock, Hsp70 concentrations in chromosome II
insertion adults carrying extra copies of hsp70 exceeded those
for flies from the excision control strain (Fig. 2a). Males and
females of the same strain did not differ. Extra-copy adults also
surv ived heat shock in higher proportions than did adults from
the excision line (F 1.4 2 = 23.7, P < 0.001) at all treatments
(Fig. 2b). More females survived than males (F = 6.0, P <
0.05), and much larger line differences occurred in males than
in females (line-by-sex interaction, F = 8.5, P < 0.01). Although the different stress treatments greatly affected survival
(F2.42 = 148, P < 0.001), the Jack of any interaction effects
with treatment indicated robust line and sex effects for adult
thermotolerance.
The same factors affected thermotolerance in the chromosome III insertion strains (Fig. 3). Survival declined in older
flies (P < 0.001 for males and females). Males from the extracopy strain survived heat shock in higher proportions than did

males from the excision line (Fig. 3a, F1.I 23 = 7.4, P < 0.01 ;
and separated by day, effects were significant between strains
for males aged l.0-1.5 , 1.5-2.0 and 2.0-2.5 days) . Females of
the two strains differed much less in therrnotolerance (Fig. 3b,
FI , I 25 = 0.4, NS). Because all young flies (< 1.0 day old)
survived and most flies over 2.5 days old died, these age groups
were not informative of the effect of increased Hsp70 at the
treatment used, although they indicate the magnitude of effect
adult age had on therrnotolerance.
DI SCUSSION

Hsp70 concentration after heat shock varied during development. First-instar larvae produced the most Hsp70 per
unit total organismal protein, followed by adults and then
wandering-phase third-instar larvae. This variation in itself
may signify little more than the differing size of organs in
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the developmental stages under study. Fat body, for example,
which is especially abundant in third-instar larvae, expresses
Hsp70 more slowly and less intensely than most other tissues
(Krebs and Feder 1997c). Similarly, differences between
male and female gonadal tissue in Hsp70 expression (Palter
et al. 1986) may account for the greater Hsp70 concentrations
in lysates of adult females than in males. More importantly,
at each developmental stage the 28 isofemale line derived
from the natural population differed significantly and consistently in Hsp70 concentrations after a standard heat shock.
Potentially the common environment of the third-instar larvae and adults, which were full-sibs , could bias genetic correlations between these two stages, but no statistical interaction occurred in comparisons among lines at any developmental stage. Analysis of first-instar larvae postdated that
of the other stages by two generations. This finding corroborates an earlier study of intrapopulation variation in Hsp70
and again demonstrates that, despite the notably highly conserved coding sequence and primitive origin of hsp70 genes

(Gupta 1990), Hsp70 expression can vary within a single
population of wild organisms.
At each developmental stage, the broad-sense heritability
for Hsp70 expression is moderate or high. Given these heritability estimates, Hsp70 expression should respond rapidly
to selection. Such a response can be both beneficial and deleterious, as is especially evident in engineered lines in which
variation in Hsp70 exceeds that in nature. In these extra-copy
lines , thermotolerance is greater than for control strains,
which possess a wild-type complement of genes: in early
embryos (Welte et al. 1993), in late third-instar larvae and
early pupae (Feder et al. 1996), and in adult males (Figs. 2.
3). In these same lines, however, elevated Hsp70 lengthens
development and reduces survival of growing larvae (Krebs
and Feder 1997b) and the developing imago two to three
days into pupation (R. Krebs, unpubl. data) . Patterns are similar, although less marked, among isofemale lines that differ
in Hsp70 expression (Krebs and Feder 1997a) and between
annual collections of a single natural population (1995 collection: survival, 87 %, Hsp70, 45 %; 1996 collection: survival, 78 %, Hsp70, 71.5 %).
Because relative Hsp70 expression at any given stage is
closely coupled to expression at other stages, selection on
any one stage will similarly alter expression throughout the
life cycle. In other words, were selection to increase Hsp70
expression at a particular stage at which it is most needed,
Hsp70 expression also would increase at other stages where
it may have deleterious side effects . Consequently, evolutionary responses to environmental change will depend on
the overall consequences of altered Hsp70 expression on the
entire life cycle, and fitness consequences at one developmental stage may trade off against fitness consequences at
another. Trade-offs are frequently invoked to explain the
maintenance of genetic variation in natural populations
(Lande 1982; Stearns 1992), particularly with respect to lifehistory phenotypes (e.g., longevity and early fecundity ; Rose
and Charlesworth 1981 ; Partridge and Fowler 1992; Leroi et
al. 1994). The present study, however, demonstrated no discrete relationship among Hsp70 and life-history traits in the
natural lines. The growing analysis of differential effects of
Hsp70 on various life-cycle stages (Feder and Krebs 1997)
and the strong correlation in expression among these stages
nonetheless suggest that trade-offs may maintain quantitative
variation in the expression of this protein.
The relationship between slow larval development and
high adult thermotolerance may also represent a trade-off
(Table 2), but the precise basis is unclear. In contrast, the
negative correlation ( -0.50) between developmental time
and survival indicates that more faster-developing larvae survive to adult, which represents a positive life-history relationship . Slow development suggests a reduced metabolism
(Parsons 1996), and metabolic variation affects tolerance of
many chemical stresses and of desiccation (Hoffmann and
Parsons 1991 ; Parsons 1996). In D. buzzatii, however, adult
thermotolerance and larval developmental time are not related (Krebs and Loeschcke 1995), and adult tolerance is not
correlated with adu lt basal metabolic rate (Loeschcke et al.
1997). This difference between D. melanogaster and D . buzzatii may be species specific . Alternatively, overlap in the
individuals used to measure both larval developmental time
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and survival to adult could have biased results, but systemic
line differences are likely only when developmental times
increased greatly, as may occur with inbreeding. Slow development correlated with lower larva-to-adult survival (Table 2), but reanalysis of the relationship between larval developmental time and adult thermotolerance after removing
slowly developing (presumably inbred) lines increased the
correlation (to 0.78 for 21 lines, P < 0.001). This change in
a correlation after removing some lines shows a common
effect of inbreeding on life-history relationships in isofemaleline analyses; inbreeding reduces performance in all traits,
causing positive genetic associations . Thus isofemale-line
tests for trade-offs generally are conservative.
This conservative nature of tests for genetic correlations
similarly increases the difficulty for identifying positive trait
interactions, particularly when pairwise relationships are a
part of a more complex matrix of trait interactions (Kirkpatrick 1996). Many traits may affect variation in thermotolerance, of which Hsp70 expression is only one. Among
lines, adult thermotolerance and Hsp70 expression are associated only weakly (Table 2), but, given the relationship
evident in engineered lines , the weak association may reflect
lower genetic variation in either or both traits rather than a
true lack of a relationship between Hsp70 and thermotolerance . Lines in the more recent collection varied less in Hsp70
expression than did those the year before, as the intraclass
correlation on first-instar larvae was 0.24 in 1995 (Krebs and
Feder 1997a) but only 0.17 in 1996. Additionally, the range
of expression is less in adults (highest line/lowest Line = 1.5)
than in larvae (highest line/lowest line = 2.0) in the 1996
data. As the direction of the thermotolerance-Hsp70 association is consistent between natural and engineered lines, a
relationship likely exists between these traits. Such weak
links to fitness can be evolutionarily important (Wright 1931).
In conclusion, Hsp70 expression varies genetically and is
conserved across several life-cycle stages. Considerable prior
work with natural (Krebs and Feder 1997a) and genetically
engineered (Welte et al. 1993; Feder et al. 1996; Krebs and
Feder 1997b) lines establishes that variation in Hsp70 expression can have both positive and negative consequences.
Surprisingly, such consequences were weak or undetectable
in the present study. One possible explanation for the discrepancy is that limited genetic variation in our natural lines
can at times obscure these consequences; another is that uncontrolled year-to-year changes in the wild population from
which our natural lines were derived at times override the
interaction between Hsp70 expression and other traits (Pease
and Bull 1988; Charlesworth 1990). To examine these possible explanations, long-term studies of variation in Hsp70
expression and other traits in the wild are presently underway.
Hopefully, this work will elucidate the pleiotropic and antagonistic effects of Hsp70 variation.
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